dose). Conclusion: ELIOT as an anticipated boost to the breast could be considered in pregnant women in the early second trimester, postponing whole-breast irradiation after delivery.
Introduction
It is estimated that breast cancer occurs in 1 in 3,000 pregnancies and accounts for one-third of maternal deaths during gestation [1, 2] . As the trend for delaying pregnancy into the later reproductive years continues, this rare association is likely to become more common. The therapeutic management of pregnant women with breast cancer is difficult and should be undertaken by a dedicated multidisciplinary team with sufficient expertise to meet the needs and requests of such a distressing clinical situation [3] . There are few reports in the literature addressing the issues related to radiotherapy during pregnancy [4] [5] [6] . Irradiation of the embryo/fetus during pregnancy can, in principle, cause the death of the embryo and increase the risk of deleterious effects in the newborn child [7, 8] . In the adjuvant setting after breast-conserving surgery (BCS), benefits and risks of irradiating the breast must be carefully consid-
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Summary
Background:
The aim of this study was to confirm our preliminary results with in vivo dosimetry in non-pregnant breast cancer patients receiving electron beam intraoperative radiotherapy (ELIOT) and to report on the first treatment in a pregnant woman. Patients and Methods: Following our previous experience, 5 non-pregnant patients receiving ELIOT to the tumor bed after breastconserving surgery (BCS) were studied with thermoluminescent dosimeters positioned in the subdiaphragmatic region, within the uterus, and in the ovarian region. In December 2011, the first pregnant breast cancer patient underwent BCS and ELIOT (21 Gy at 90% isodose) during the 15th week of gestation. Results: The mean dose to the subdiaphragmatic external region in the 5 nonpregnant patients was 5.57 mGy, while pelvic measurements were below 1 mGy. The actual dosimetry of the pregnant patient showed a mean subdiaphragmatic dose of 4.34 mGy, a mean suprapubic dose of 1.64 mGy, and mean ovarian doses of 1.48 mGy (right-sided) and 1.44 mGy (left-sided). The expected dose to the fetus was estimated as 0.84 mGy (0.004% of the prescribed ered. Although the modern attitude is to offer the same surgical approach to pregnant women as to non-pregnant women [9] , some concerns still remain about the delay in administering postoperative radiotherapy after childbirth. After BCS, intraoperative radiotherapy with electrons (ELIOT) [10, 11] might improve local control and allow a safe irradiation of the breast after delivery. In our previously published experience assessing in vivo dosimetry in the uterine cavity of non-pregnant women, doses to the abdomen were extremely low [12] . In the current study, we concluded the dosimetry phase, including 5 additional patients, and proceeded to the clinical phase, delivering ELIOT to a 15-week pregnant woman.
Methods and Materials
In Vivo Study in Non-Pregnant Breast Cancer Patients
Between February and April 2011, we performed in vivo dosimetry in 5 non-pregnant patients who underwent breast ELIOT, using micro-rod thermoluminescent dosimeters (TLDs) (TLD-100 TM , Harshaw, Solon, OH, USA). ELIOT to the breast tumor bed was administered with a mobile linear accelerator (either Novac7, Hitesys, Aprilia, Italy or Liac, Info & Tech, Rome, Italy) installed in the operating theater. Procedures and results of our previous in vivo dosimetry study were reported in 2008 [12] . In these 5 additional non-pregnant patients, in vivo dose measurements were extended to the ovarian region.
ELIOT in a Pregnant Breast Cancer Patient
In December 2011, the first pregnant patient was treated with ELIOT as a part of breast-conserving therapy. During regular breast cancer screening mammography, a 41-year old woman, gravida 1 para 1-0-0-1, was diagnosed with a suspicious small lesion in the left breast. The histologic result of an ultrasound-guided needle biopsy was grade 2 infiltrating ductal carcinoma. While being investigated for breast cancer, the patient found out that she was pregnant at 4-5 weeks.
A multidisciplinary team dedicated to the management of fertility and pregnancy issues in oncology thoroughly discussed the treatment options with the patient, taking into account her preference to proceed with gestation and to have BCS.
After signing informed consent, quadrantectomy and sentinel node biopsy were performed with the aid of intralesional injection of 99m Tc-labeled nanocolloid (sentinel node and occult lesion localization, i.e. SNOLL procedure). The final histologic report showed multifocal grade 2 ductal carcinoma with grade 2 ductal intraepithelial neoplasia (DIN 2) present at 1 margin, staged pT1 (maximum tumor size 1.5 cm), pN0 (sentinel node), estrogen receptor 95% progesterone receptor 20%, Ki-67 18%, HER2/neu 0.
Because of the positive margin, a reoperation was performed 2 months later at 15 weeks gestation during which ELIOT was administered. No residual disease was found at re-excision. Technical parameters of ELIOT included 6 cm flat collimator, 6 MeV electron energy, dose prescription of 21 Gy at 90% isodose.
TLDs were positioned on the patient abdomen as for non-pregnant women: subdiaphragmatically at 13.5 cm from the applicator, in suprapubic position at 24.5 cm from the applicator, and above the ovarian region at 26 cm (left-sided) and 28.5 cm (right-sided) from the applicator. As a substitute for intrauterine TLD, the 5th dosimeter was positioned above the fetus, identified by ultrasound, at 27 cm from the applicator. A shielding apron (2-mm lead equivalent) was placed on the patient's abdomen to block most of the electron scatter from the machine.
Results
In Vivo Study in Non-Pregnant Patients
The in vivo dosimetry results in the non-pregnant patients are shown in table 1. The beam energies used for irradiation were in the range 8-10 MeV, applicator diameters were 4-6 cm. TLDs were placed on the skin as follows: subdiaphragmatically at a median distance from the ELIOT applicator of 20.4 cm (range 12-26 cm), in the suprapubic position at a median distance of 43.7 (range 36-47 cm) from the applicator, and at a median distance of 40 cm (range 29-47 cm) from the applicator for ovaries (left and right) identified by ultrasound. Finally, the intrauterine catheter of 30-cm length was placed. A shielding apron (2-mm lead equivalent) was placed on the patients' abdomen to block most of the electron scatter from the machine. Taking as reference the dose of 21 Gy, the mean dose to the subdiaphragmatic external region was of 5.57 mGy, the mean dose to the suprapubic external region was 0.72 mGy, the mean dose to the ovarian sites, right and left respectively, was 0.80 and 0.75 mGy, and the mean intrauterine dose was 0.49 mGy. The results confirm our previously published experience assessing in vivo dosimetry [12] in which we measured mean doses of 3.7 mGy (range 1-8.5 mGy) in the subdiaphragmatic region, 0.9 mGy (range 0.3-2 mGy) in the pubic region, and 1.7 mGy (range 0.6-3.2 mGy) in utero. Note that for Patient 1 the reading for the subdiaphragmatic position is very high compared to other results; it was discovered that the TLD was not covered by the shielding apron.
Data of the Pregnant Patient
The TLD measurement results of the pregnant patient are shown in table 2.
The mean dose to the subdiaphragmatic external region at 13.5 cm from the applicator was 4.34 mGy; the mean dose to the suprapubic external region at 24.5 cm from the applicator was 1.64 For each position, the patient received about twice the average dose received by the other 5 patients included in this study. Based on measurements calculated by excess, the uterus/fetus should have received 0.004% of the prescribed dose (21 Gy), i.e. 0.84 mGy. At the 39th week of gestation, the patient gave birth to a live healthy male infant appropriate for the gestational age, 4 kg in weight, with an Apgar score of 10/10. Soon after delivery, the patient started adjuvant endocrine therapy (triptorelin 3.75 mg every 28 days intramuscularly and tamoxifen 20 mg daily). She was advised not to breastfeed her child. 2 months after delivery, the patient received hypofractionated whole-breast radiotherapy using an intensity-modulated radiotherapy (IMRT) technique employing tomotherapy. The breast area irradiated with ELIOT was excluded from the external beam irradiation volume. The scheme comprised 8 fractions of 4 Gy each, up to a total dose of 32 Gy, equivalent to a total dose of 42.7 Gy with the 2 Gy per fraction scheme (α/β = 4). At the last follow-up after 5 years, the patient was free of disease and was satisfied with the cosmetic outcome. So far, her child has been in good health and has shown normal development based on age and size percentile.
Discussion
Full-dose ELIOT resulted in an estimated fetal dose of 0.84 mGy (0.004% of the prescribed ELIOT dose). Although the well-accepted general rule is to avoid radiotherapy during pregnancy unless the tumor is threatening the mother's life [13] , this value can be considered relatively low and therefore acceptable, considering the risk estimation reported in the scientific literature regarding the biological effects of radiation. However, ELIOT compares favorably regarding the well-known variables influencing the dose absorbed by a certain organ or structure at a distance [14] . In fact, as the peripheral dose increases with larger field size, greater depth of prescription, and higher energy used, ELIOT takes advantage of a small collimator diameter, low electron energy (maximum 10 MeV), and short depth of dose penetration (maximum 2.5 cm). For most electron beams, the Bremsstrahlung component is low both inside and outside the radiation field. In the dosimetric study evaluating external electrons in pregnancy performed by Antolak et al. [15] , the scattered dose from the electron beam was supposed to be less than 1% of the prescription dose outside the field. According to the recommendations issued by radiation protection agencies [8] , the risk is negligible if the fetal dose does not exceed 1 mGy, while doses of a few mGy are still considered acceptable. The additional doses received by the pregnant patient with mammography and the SNOLL procedure might be considered negligible also. In fact, the absorbed dose to the fetus in patients receiving lowdose lymphoscintigraphy with 99m Tc human serum albumin nanocolloids is estimated to be less than 10 μGy (0.01 mGy) [16] , while in standard mammography the dose to the uterus is less than 0.03 μGy (0.00003 mGy) per imaged breast during the first trimester [17] . The cumulative dose from diagnostic and therapeutic procedures for the fetus in this report remains within a few mGy. The strength of the ELIOT procedure is that it compares favorably with external breast adjuvant irradiation, where the estimated dose to the fetus ranged between 0.14 and 0.18 Gy (140-180 mGy) [18] . Regarding the effect of fractionation, the fetal absorbed single dose of ELIOT is lower than that of the daily dose per fraction given in long-course radiotherapy (0.84 vs. 5-8 mGy per fraction considering a total dose of 50 Gy (25 fractions) [19] . Although the embryo/ fetus must be deemed sensitive to radiation at all stages of gestation, most biologic effects of radiation have a dose-response relationship. Even in the absence of a true dose threshold, some radiation-induced effects may be undetectable, falling within the range of the natural frequency of abnormalities. For deterministic effects, experimental data showed a sigmoid dose-response curve, with a threshold value of approximately 0.1 Gy (100 mGy) [20] . Although recommendations provided by an internal expert panel in 2010 [21] considered it safe to administer radiotherapy in the first trimester (provided that the distance between radiation field and embryo is adequate), we deemed it more prudent to avoid any therapeutic exposure until after the 10th week of gestation [22] when organogenesis is completed, following the general rule that postoperative breast radiotherapy is not an emergency treatment. Conversely, at the beginning of the second trimester, the fetus was at such a distance that low levels of scattered radiation were expected to be absorbed. As the peripheral dose decreases exponentially with increasing distance, the distance of the fetus from the field edge is one of the most important factors. With external beam radiotherapy using a 4-MV linear accelerator, Glasgow et al. [23] calculated doses of 500, 200, and 100 mGy at 20, 30, and 40 cm from the field edge, while Var der Giessen et al. [5] calculated doses of 200, 70, and 30 mGy at the same distances. Although dosimetric measurement in non-pregnant women in the subdiaphragmatic region showed a low peripheral dose as well, in the third trimester of gestation it is considered more reasonable to postpone any form of radiotherapy, including ELIOT [24] . As far as stochastic effects are concerned, we cannot exclude the possibility that the lifetime risk for radiation-induced fatal cancer is higher than that expected without any intrauterine exposure. However, due to the low dose administered via ELIOT, it will probably be close to the normal incidence and indiscernible from the natural background [25] . In table 3 is reported the probability of bearing healthy children as a function of radiation dose recommended by the International Commission on Radiological Protection (ICRP 84) [25] .
Although the existence of a dose threshold for carcinogenic effects of radiation has been debated, it is generally accepted that doses of the order of 10 mGy increase the relative risk to 1.4, although the absolute excess risk remains low [26] . Osei et al. [27] , using a dedicated computer program for fetal dose and risk estimation, calculated that the absorbed dose from the majority of radiologic examinations lay in the range of < 0.001-21.9 mGy. With these values, the associated probability of both induced hereditary effects and childhood cancer (< 5 × 10 -9 to 1 × 10 -4 and < 8 × 10 -8 to 2 × 10 -3 , respectively) is lower than the natural baseline risk in human populations [28] . As the estimated absorbed dose to the fetus from ELIOT is comparable with that from extraabdominal radiologic examinations, no increase in the incidence of both hereditary disease and childhood cancer is expected. In non-pregnant patients, the risk of genetic abnormalities is commonly expressed as the gonadal dose. In our study population, the dose measured on the skin above the ovaries was in the range of 0.75-1.48 mGy. Since the risk of genetic effects is 0.5% per 1 Gy absorbed (1,000 mGy) [29] , also with external beam breast radiotherapy where gonadal doses are reported to lie within the range of 37-63 mGy [4, 5, 30] , the risk of hereditary effects on the newborn's progeny is negligible compared with the natural incidence. Due to the young age and the tumor biology, the single dose of 21 Gy given intraoperatively (partial breast irradiation) to our patient was not considered fully adequate for local control [31, 32] . Therefore, the patient underwent whole-breast irradiation with IMRT about 16 weeks after the delivery. Due to the foreseen time gap between ELIOT and whole-breast external beam radiotherapy, the intraoperative boost dose was increased to 21 Gy, which is the conventional full dose used in partial breast irradiation. The IMRT technique was chosen to paint deliberate inhomogeneity across the breast, thus allowing a lower dose in the breast region already treated with full-dose ELIOT. A lower intraoperative boost dose, e.g. 12 Gy [10] , allows delivering conventional 3D whole-breast radiotherapy with no need for complex techniques such as IMRT. Obviously, the optimal dose combination of the anticipated boost administered via ELIOT and further post-delivery whole-breast external beam radiotherapy in breast cancer diagnosed during pregnancy needs to be defined. Due to the long overall treatment time (boost and whole-breast treatment), the total dose and/or the dose of each component should probably be higher than that in conventional adjuvant breast irradiation in order to overcome interval tumor cell repopulation.
This dosimetric study suggests that ELIOT may be a reasonable option for pregnant women undergoing BCS during the late first and early second trimester. The main limitation lies in the lack of data regarding the efficacy of such an approach. The delay between the administration of this form of an anticipated boost and the commencement of whole-breast external beam radiotherapy might jeopardize local control [33] . On the other hand, the possibility for pregnant breast cancer patients to receive chemotherapy during their pregnancy, with the exception of the first trimester, might play a protective role in local control, allowing these patients to go through gestation with an active treatment and to have radiotherapy after delivery. Anthracyclines, cyclophosphamide, and taxanes have shown good clinical activity without considerable morbidity to the fetus [34, 35] . The ELIOT anticipated boost is not meant to be a practice-changing approach but rather an option to be offered to pregnant women. This dosimetric study showed that it is feasible and relatively safe for the fetus, and that it could increase local control of the tumor bed which is considered the area most at risk of local relapse, until the patient can receive a more extensive radiotherapy treatment.
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